Energy flow and C-H methyl and C-H ring bond dissociations in vibrationally excited toluene in the collision with N 2 and O 2 have been studied by use of classical trajectory procedures. The energy lost by the vibrationally excited toluene upon collision is not large and it increases slowly with increasing total vibrational energy content between 5,000 and 45,000 cm −1 . Intermolecular energy transfer occurs via both of V-T and V-V transfers. Both of V-T and V-V transfers increase as the total vibrational energy of toluene increases. When the total energy content E T of toluene is sufficiently high, either C-H bond can dissociate. The C-H methyl dissociation probability is higher than the C-H ring dissociation probability, and that in the collision with N 2 is larger than with O 2 .
Introduction
The collision-induced relaxation of vibrationally excited polyatomic molecules has a large influence on many chemical processes and it has been the subject of continuing interest in chemistry and physics for the past several decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Molecules highly excited to near their dissociation threshold can undergo bond dissociation and vibrational relaxation, processes that play an important role in reaction dynamics. Most of experimental studies have been carried out using time-resolved infrared flourescence (TR-IRF) [2] [3] [4] or ultraviolet absorption (UVA). [5] [6] [7] [8] Several studies have been employed by techniques based on photothermal processes.
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Recently, Hsu et al. have studied the energy transfer of highly vibrationally excited molecules using crossed-beam/ time-of-flight mass spectrometer in combination with timesliced velocity map ion imaging techniques. 17 Theoretical investigations of polyatomic molecule energy transfer have lagged behind the experimental studies.
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Recent studies [27] [28] [29] [30] [31] [32] [33] show that when the excited molecule is a large organic molecule, the average amount of energy transfer per collision is not very large. Among such large molecules, toluene is a particularly attractive molecule for studying collision-induced energy flow and bond dissociation. Hippler and co-workers carried out a very complete study, investigating the deactivation of the excited toluene by about 60 different collider gases by using the UVA techniques to follow the collisional deactivation of cycloheptatriene. 34 In that experiment the toluene molecules were prepared with 52,000 cm −1 of vibrational excitation after irradiation of the cycloheptatriene, which undergoes fast internal conversion and subsequent molecular isomerization to form the highly excited toluene. At this high energy the toluene molecule can further dissociate into benzyl radicals and H atoms. 34 Toselli and co-workers investigated the collisional loss of vibrational energy from gas-phase toluene by 20 collider gases by monitoring the TR-IRF from the C-H stretch modes near 3.3 μm. 25 Wright and co-workers reported the low temperature measurements on the collisional relaxation of toluene molecules initially containing high amounts of internal excitation. 27 Bernshtein and Oref deal with collisional energy transfer (CET) between aromatic polyatomic molecules including toluene by theoretically.
35
The purpose of this paper is to study the collision-induced dynamics of highly vibrationally excited toluene interacting with N 2 and O 2 using quasiclassical trajectory calculations. When the molecule is highly vibrationally excited, the important problems are the determination of energy loss as a function of vibrational excitation and the extent of bond dissociation on collision. The problem of energy loss involves studying energy transfer between the incident particle and toluene through a vibration-to-translation (VT) and vibrationto-vibration (VV), whereas the problem of intramolecular energy flow focuses on elucidating vibration-to-vibration (VV) energy transfer between stretches and bends. Either ring C-H or methyl C-H may dissociate and the efficiency of each bond dissociation can sensitively depend upon the amount and distribution of the initial vibrational excitation. Using the results obtained in the calculations, we will discuss the relaxation and dissociation of the excited CH vibration, and compare the differences of both systems, that is, toluene with N 2 and O 2 .
Interaction Model and Energies
The model for the toluene-N 2 interaction and vibrational coordinates of toluene are defined in Figure 1 . In Figure  1 (a), we define all 39 intramolecular coordinates of the planar ring needed to be included in the present study. In Figure 1 (b), we define the interaction coordinates between the methyl CH bond and the adjacent ring CH bond of a non-rotating toluene with the incident N 2 molecule. The CH ring bond is in the clockwise side from CH methyl . We include 6 stretches (x 1 , x 2 , x 3 , x 4 , x 14 , x 15 ) and 12 bends (
) in the interaction zone where the CH methyl and CH ring bonds are in direct interaction with N 2 . We then include the x 5~x9 (CC) ring stretches, x 10~x13 (CH) ring stretches and φ 8~φ19 bends around the carbon atoms C3, C4, C5 and C6, a total of 9 stretches and 12 bends, in the inner zone of the molecule.
The important step in developing an interaction potential model is to start with physically reasonable interaction potential energies, which are dependent on the pertinent collision coordinates. The interaction energies needed to describe the collision of N 2 with toluene must contain terms responsible for the coupling of the relative motion with the ring C-H stretch and methyl group C-H stretch as well as the coupling between the stretches and bends. We first introduce the interatomic distances r 1~r4 in the interaction model defined in Figure 1(b) , where r represents the distance between center-of-mass (c.m.) of N 2 and the c.m. of toluene describing the relative motion of the collision system. The interatomic distances can be expressed in terms of the instantaneous coordinates of the C-H methyl bond, C-CH methyl bond, (C-C) ring bond, C-H ring bond, CCH methyl bend, CCC methyl bend, CCH ring bend and N-N bond. That is, r i = r i (r, x 1 , x 2 , x 3 , x 4 , φ 1 , φ 2 , φ 5 , x, θ) for i = 1-4, where x is the displacement of the N-N from its equilibrium bond distance d, and θ is the angle of incidence defined in Figure 1(b) . The coupling of these modes with others including those of the inner zone will have to be considered in formulating the overall interaction energy. The values of equilibrium bond distances and other potential parameters for toluene are listed in Table 1 of Ref. 32 . Each bond length will be denoted by (x ei + x i ), where x i is the displacement of the bond length from its equilibrium value x ei . Similarly, we express each bending coordinate as (φ ej + φ j ), where φ j is the displacement of the jth bending vibration from the equilibrium angle φ ej .
The N 1 -to-H ring (r 1 ), N 1 -to-H methyl (r 2 ), N 2 -to-H ring (r 3 ) and N 2 -to-H methyl (r 4 ) interatomic distances can be obtained as
where, V and W are distances between N 1 and N 2 and point "p", respectively. Here all distances are in Å and z is distance between the c.m. of toluene and point "p" between H ring and H methyl . For the convenience, it is derived for N 2 , but N should be replaced by O for toluene+O 2 collision.
The above distances and relations determine the coupling of the translation to vibrational motions (i.e., the coupling of r with x 1 , x 2 , x 3 , x 4 , φ 1 , φ 2 , φ 5 , and x). These x's and φ's are then coupled with the inner modes indicated in Figure 1 (a). The overall interaction energy is the sum of the Morsetype intermolecular terms, Morse-type stretching terms and the harmonic bending terms of toluene, intramolecular coupling terms, and London interaction,
Where,
In London interaction, I i is the ionization potential and α is the polarizability. For the intermolecular interaction, we take D = 193.69k B and 215.24k B for toluene+N 2 and toluene+O 2 , respectively, the Lennard-Jones (LJ) parameter for the well depth for the collision pairs calculated by the usual combining rule, 36 where k B is the Boltzmann constant, and a = 0.250 Å and 0.246 for toluene+N 2 and toluene+O 2 , respectively. 36, 37 For the ith stretch, we use
, where D i = D o,i + ½ ω ei , to determine the exponential range parameters listed in Table 1 of Ref. 32 . In the coupling terms, Y i = x i or φ i and the coupling constant K ij are taken from Xie and Boggs' ab initio calculations. 38 The potential and spectroscopic constants for the toluene, N 2 and O 2 are listed in Table 1 .
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In Figure 2 , we present the equipotential plot of the overall interaction energy for N 2 approaching toluene molecule, which is in its equilibrium geometry. Toluene is oriented and scaled to closely represent the collision configuration and the c.m. of toluene is fixed at the origin of the plot. Here the abscissa is the c.m. of toluene to c.m. of N 2 line at θ = 90 o and the ordinate, which is parallel to the H methyl -to-H ring axis, passes through the c.m. of toluene. In Figure 2 (a), we show the potential energy surface (PES) for φ = 0 o , which represents the collinear configuration of c.m. of toluene …N−N. The surface is quite symmetric with respect to the two hydrogen atoms. For r < 3.5 Å, the interaction energy rises rapidly and the contour lines for this repulsive region are not shown in Figure 2 (a). Even though there is a very repulsive region, the N 2 molecule can approach very close to the toluene molecule, implying the fact that the incoming N 2 molecule perturbs the target significantly and the energy transfer occurs effectively. As the rotational angle of N 2 changes to φ = 90 o , the PES becomes unsymmetrical. At this configu- Range parameter is determined from the relation bi=(2Di/μi) ration, the potential wells of 0.06 eV or 696 k B appear at three places near r = 3.5 Å from the origin in the direction to two hydrogen atoms and the center of two hydrogen atoms [see Figures 2(b) ]. The PES for O 2 is very similar to for N 2 .
The equations of motion which determine the time evolution of the relative motion (trajectory), 15 stretches and 24 bends for the given incident angle θ are , (3a)
, (3d) where μ is the reduced mass of the collision system, μ i is the reduced mass associated with the ith stretch and I j is the moment of inertia of the jth bend. μ inc is the reduced mass of incident molecule N 2 (or O 2 ). We use the standard numerical routines 42, 43 to integrate these equations for the initial conditions at t = t 0 and their conjugate quantities
, where the derivatives are evaluated at t = t 0 .
Numerical Procedures
We sample 40,000 trajectories for each run at 300 K, where the sampling includes determining collision energies (E) chosen from the Maxwell distribution. In studying the E dependence of energy transfer and bond dissociation, we carry out the same sampling except that E is now fixed at a specified value. The initial conditions for solving the equations of motion for the relative motion and the displacements and phases for the vibrational motions in the interaction zone are given in Ref. 15 . We vary the initial vibrational energies of the C-H ring and C-H methyl bonds (i.e., i = 1 and 4) systematically, while maintaining the rest of the vibrational motions in the ground state. Each vibrational phase is a random number δ i = 2πs i with flat distribution of s i in the interval (0,1). The initial separation between the center of masses of toluene and N 2 (or O 2 ) is set as 15 Å, and trajectories are terminated when the separation reaches 50 Å after they passed through the closest distance of approach. The integration was performed with a stepsize of 0.169 fs, which is one-tenth the period of the largest frequency, the ring CH vibration, and is small enough to ensure energy conservation to at least five significant figures along a trajectory. We have also confirmed that the numerical procedure allows the trajectories to be successfully backintegrated.
For such highly excited CH vibrations considered here, the discussion of bond dissociation in terms of normal-mode analysis is not useful since the dissociation does not involve a particular normal mode. From the dynamics study, we can decide when the C-H distance exceeds a critical value, at which time dissociation is assumed to occur. The occurrence of dissociative events can be readily recognized by studying the time evolution of the methyl (or ring) CH bond trajectory and the CH methyl (or CH ring ) vibrational energy, as well as all intermediate modes in the interaction zone, which are conduits for the energy flow. The bond dissociation probability will be defined as the ratio of the number of dissociative trajectories to the total number of trajectories sampled, which is 40,000, in each run.
We define the ensemble-averaged energy transfer <ΔE> = <E final − E initial >, the difference between the final and initial translational and vibrational energies of N 2 (or O 2 ). Thus, a positive value of <ΔE> represents the ensemble-averaged energy loss by toluene, a V → T, V → V and V → R energy transfer processes. We also determine the ensemble average of vibrational energy of each mode consisting of kinetic and potential energy terms in toluene, and then calculate the difference between this average energy and the energy initially deposited in the mode. The dissociation of a highly excited bond occurs when the bond gains energy from the incident molecule (T → V or V → V pathways) or it gains energy from adjacent bonds through intramolecular energy flow or both. In any event, the energy gained by the bond must exceed the dissociation threshold, which corresponds to the CH bond extension beyond the point of no return, regardless of the excitation pattern. When the bond dissociation occurs, we need to determine energy transfer for dissociative or nondissociative trajectories separately.
Results and Discussion
Dependence of Energy Loss on the Total Vibrational Energy Content. In Figure 3 , we show the dependence of energy loss, −<ΔE> on the total vibrational energy content E T for toluene colliding with N 2 at 300 K. The smallest value of E T considered in this figure is 6,203 cm −1 or 0.769 eV, which corresponds to vibrational energies of C-H methyl and C-H ring being 3,057 cm −1 (0.379 eV) and 3,145 cm −1 (0.390 eV), respectively. That is, both bonds are the first vibrational excited states of each bond. At this total vibrational energy content, the energy loss is 53 cm −1 (or 0.0066 eV) [see "sum" in Figure 3(a) ]. In this Figure, it is shown three plots those are V → V, V → T, and "sum". Here, V → V means that the vibrational energies of toluene transfer to the vibrational energy of N 2 , and V → T means the transfer to the translational energy of N 2 . "Sum" means the sum of V → V and V → T transfers.
Intermolecular energy transfer occurs via both of V → T and V → V transfers. The V → R transfer is not significant because the ensemble-averaged energy loss of toluene to the rotational energy of N 2 , <ΔE rot > 2 cm −1 over the range of the total vibrational energy content considered here. The magnitude of energy loss "sum" increases gradually as the total vibrational energy content E T increases, both of V → T and V → V transfers are gradually increased. As shown in , respectively. In their study on the toluene−N 2 at room temperature, Wright et al. found that there is gradual increase in the magnitude of energy loss when the range of the total vibrational energy content is from 5,000 cm −1 to about 40,000 cm −1 for toluene excited directly by adsorption of photons at 266 nm. 27 Toselli et al. also reported the collisional loss of vibrational energy of highly excited toluene in the range from 5,000 cm −1 to about 40,000 cm −1 by monitoring the time-resolved infrared fluorescence from the C-H stretch modes near 3.3 μm. 25 As shown in Figure 3(b) , the E T dependence and the magnitude of −<ΔE> of the present result below 40,000 cm −1 agree fairly well with the observed data. A slow variation of −<ΔE> with increasing E T shown in Figure 3 has been known to be the general behavior for the relaxation of toluene by rare gases and diatomic molecules such as N 2 in experimental and theoretical studies. 25, 27, 28 As shown in Figure 4 , −<ΔE> for toluene+O 2 collision shows the same trend as for N 2 , and −<ΔE> increases from 34 cm −1 to 302 cm −1 when E T is raised from 6,203 cm −1 to 43,425 cm . The E T dependence and the magnitude of −<ΔE> of the toluene+O 2 collision below 40,000 cm −1 agree also fairly well with the observed data.
25
Bond Dissociation. Dissociation of C-H methyl versus C-H ring : We now discuss the collision-induced dissociation of highly excited toluene molecules. We plot the dissociation probabilities for toluene +N 2 collision at 300 K in Figure 5 . Here we take both C-H bonds have their initial vibrational energies which are below their respective dissociation threshold by the same amount. When each of them is 1.5 eV or 12,097 cm −1 below the threshold, the total vibrational energy content is 47,814 cm −1 above the zero point energy with 27,880 cm −1 in C-H ring and 19,934 cm −1 in C-H methyl , the dissociation probabilities are P C-Hmethyl = 0.00015 and P C-Hring = 0.0001. Here dissociation probabilities are very small because a large amount of energy has to deposit in one of the bonds. We note that the ensemble-averaged energy loss by toluene for E T = 47,814 cm −1 is only 179 cm −1 or 0.0222 eV. Since the C-H methyl (or C-H ring ) bond is 12,097 cm −1 below its dissociation threshold and the molecule loses 179 cm −1 , this bond has to gain at least 12,097 cm −1 from C-H ring (or C-H methyl ) through intramolecular energy redistribution to dissociate. When the total energy content is increased from 47,814 cm −1 toward the dissociation threshold, the probabilities rise very rapidly. When E T is as high as 70,396 cm , which corresponds to the vibrational energy of each bond only 0.1 eV below the dissociation threshold, the dissociation probabilities are now P C-Hmethyl = 0.0262 and P C-Hring = 0.0333. This indicate that the vibrational motions of a highly excited molecule can be readily perturbed by the incident molecule and need only a small amount of energy to dissociate. When the incident molecule is O 2 , the dissociation probabilities are always less than for N 2 molecule [see Figures 5 and 6] . Furthermore, as shown in Figures 5 and 6 , P C-Hmethyl is generally greater than P C-Hring for the total vibrational energy content. We will discuss these differences later in the next section.
In Figure 7 , we show the dependence of the dissociation probabilities of C-H bonds for toluene+N 2 collision on the collision energy for E T = 63,944 cm , which corresponds to the vibrational energy of each bond only 0.5 eV below the dissociation threshold. As shown in this Figure, the dissociation probability of C-H methyl bond is always larger than that of C-H ring . At E = 2 eV, P C-Hmethyl is as large as 0.0314, whereas P C-Hring is only 0.0208. At such high collision energies, where N 2 approaches very close to toluene, the incident molecule can maintain a near-collinear alignment with C-H methyl for efficient perturbation (see Figure 2) . As can be seen in Figure 2 , such alignment is not possible for C-H ring at close range. For E T = 63,944 cm , which corresponds to the vibrational energy of each bond only 0.5 eV below the dissociation threshold, the frequecncy of highly excited C-H methyl vibration is 1,075 cm −1 while C-H ring frequency is 991 cm . Thus, the C-H methyl bond is more strongly perturbed by incident N 2 molecule, finally the dissociation probability of C-H methyl bond is larger than that of C-H ring . As the similar point of view, the fact of that P C-Hmethyl is less than P C-Hring when the total energy content is 70,396 cm −1 can be interpreted. For E T = 70,396 cm −1 , the overtone of the frequecncy of highly excited C-H methyl vibration, 2,390 cm
, is close to the frequency of colliding N 2 molecule rather than that of the C-H methyl frequency, 2,418 cm
. In Figure 8 , we show the dependence of the dissociation probabilities of C-H bonds for O 2 on the collision energy for E T = 63,944 cm −1 as the same as Figure 7 . As shown in these Figures 7 and 8 , the C-H bond dissociation probabilities for N 2 collider are always greater than for O 2 molecule. Furthermore, the dissociation probability of C-H methyl bond is also larger than that of C-H ring , which is the same as for toluene+N 2 collision. This trend can also be interpreted by the frequency difference as mentioned above.
Dynamics of Bond Dissociation: All C-H dissociative events occur in a direct collision on a subpicosecond time scale for both collision systems, toluene+O 2 and toluene+N 2 . Such direct-mode dissociative event for E T = 63,944 cm by a typical case shown in Figure 9 for toluene+N 2 collision system. We note that the incoming segment of the toluene- . Intramolecular energy flow between the C-H bonds is seen in Figure 9 (b), where the time evolution of the vibrational energies of C-H methyl and C-H ring is shown. As shown in this Figure, the C-H ring vibration loses 1.064 eV on collision, while the C-H methyl gains 0.570 eV, indicating an extensive flow of energy between the C-H bonds. For this trajectory E = 0.044 eV and the amount of energy from toluene to N 2 is = −0.036 eV. That is, in this trajectory, incident N 2 molecule rather transfers energy to toluene. Thus, the total reaction energy available for intramolecular energy flow is (1.064 eV + 0.036 eV) = 1.100 eV. Upon collision with N 2 , the C-H methyl bond takes the bulk of this energy (0.570 eV) and exceeds the dissociation threshold 3.972 eV. The remaining energy 0.530 eV deposits mainly in the C-C-H ring bend. Figure 10 shows the power spectrum obtained from the Fourier transform of the C-H ring vibration in the excited toluene considered in Figure 9 . Two low-frequency main peaks are appearing at 991 and 1,769 cm , the frequency of the incident N 2 molecule, thus C-H ring can be perturbed effectively by the incident N 2 molecule. Figure 11 shows also the representative direct-mode dissociative event now for toluene+O 2 collision system for E T = 63,944 cm −1 as the same as Figure 9 for toluene+N 2 collision. For this trajectory E = 0.051 eV and toluene transfers 0.001 eV to N 2 . The amount of energy lost by the relaxing C-H ring is 0.587 eV (see Figure 11(b) ), thus the total reaction energy available for intramolecular energy flow is (0.587 eV−0.001 eV) = 0.586 eV. Upon collision with O 2 , the C-H methyl bond takes the bulk of this energy (0.531 eV) and exceeds the dissociation threshold 3.972 eV. Figure 12 shows also the power spectrum obtained from the Fourier transform of the C-H ring vibration. The main peaks are ap- , are also shown, at which the former is the overtone of C-H ring vibration before the collision and the latter is that after the collision. Two frequencies before the collison, 1,023 and 2,065 cm −1 are not quite close to 1,580 cm −1 , the frequency of the incident O 2 molecule, thus C-H methyl dissociation are less than for the toluene+N 2 collision. Although only the dissociations of C-H methyl are considered in Figures 9 and 11 , C-H ring dissociation events can be discussed similarly.
Concluding Comments
We have studied CH bond dissociation and intermolecular energy transfer in the toluene-N 2 and O 2 collision system at 300 K using classical trajectory procedures. The collision system consists of the interaction zone, where the incident molecule interacts with both CH methyl and CH ring bonds, and the inner zone which includes the stretches and bends of toluene beyond the interaction zone.
Energy loss is found to be small, but slowly increases with the total vibrational energy content initially stored in the C-H methyl bond and the adjacent C-H ring bond between 5,000 and 45,000 cm . The E T dependence and the magnitude of −<ΔE> of the toluene+N 2 and toluene+O 2 collisions below 40,000 cm −1 agree fairly well with the observed data.
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Intermolecular energy transfer occurs via both of V → T and V → V transfers, and V → R transfer is not significant. Both of V → T and V → V transfers increase as the total vibrational energy of toluene increases. When the total energy content E T of toluene is sufficiently high, either C-H bond can dissociate. When the vibrational energies of both C-H bonds are set initially below the dissociation threshold by the same amount, the dissociation probability of C-H methyl bond is found to be larger than that of C-H ring bond, and that in the collision with N 2 is larger than with O 2 . This is can be interpreted by the frequency difference. The overtone for the Figure 10 . Power spectrum obtained from the C-Hring vibration for the trajectory considered in Figure 9 . before collision frequency of highly excited C-H methyl vibration, 2,150 cm . Thus, the C-H methyl bond is more strongly perturbed by incident N 2 molecule, finally the dissociation probability of C-H methyl bond is larger than that of C-H ring . As the similar point of view, the fact of that P C-Hmethyl is less than P C-Hring when the total energy content is 70,396 cm −1 can be interpreted. These dissociation probabilities are comparable with that for toluene+HBr collision, 26 while are smaller than for HF or Ar colliders. 32,33(c) Although the extent of energy lost by excited toluene is not large, intramolecular vibrational energy flow between the C-H bonds is very efficient to contribute the C-H bond dissociation and takes place on a subpicosecond time scale.
